Accurate and homogeneous atmospheric parameters (T eff , log g, V t , [Fe/H]) are derived for 74 FGK non-variable supergiants from high-resolution, high signal-to-noise ratio, echelle spectra. Extremely high precision for the inferred effective temperatures (10-40 K) is achieved by using the line-depth ratio method. The new data are combined with atmospheric values for 164 classical Cepheids, observed at 675 different pulsation phases, taken from our previously published studies. The derived values are correlated with unreddened B-V colours compiled from the literature for the investigated stars in order to obtain an empirical relationship of the form: (B − V ) 0 = 57.984 − 10.3587(log T eff ) 2 + 1.67572(log T eff ) 3 − 3.356 log g + 0.0321V t + 0.2615[Fe/H] + 0.8833(log g)(log T eff ). The expression is used to estimate colour excesses E(B-V) for individual supergiants and classical Cepheids, with a precision of ±0.05 mag. for supergiants and Cepheids with n = 1−2 spectra, reaching ±0.025 mag. for Cepheids with n > 2 spectra, matching uncertainties for the most sophisticated photometric techniques. The reddening scale is also a close match to the system of space reddenings for Cepheids. The application range is for spectral types F0-K0 and luminosity classes I and II.
INTRODUCTION
The Cepheid period-luminosity (PL) relation continues to play a key role in the determination of distances within the Local Group and to nearby galaxies. The absolute calibration of the PL relation requires reliable distance measurements for calibrating Cepheids as well as accurate corrections for the effects of interstellar reddening and extinction. Galactic Cepheids are often heavily obscured, the average colour excess E(B-V) being of order 0.5 mag. Here we propose a new method of accurate colour excess determination that relies on spectroscopically determined stellar parameters.
The traditional methods of establishing the interstellar reddening of Cepheids have involved field reddenings de-⋆ Email: val@deneb1.odessa.ua rived from photometric and spectroscopic studies of stars surrounding the Cepheid, the use of reddening-independent spectroscopic indices, and period-colour relations calibrated from spectroscopic analyses of a number of well-studied Cepheids or supergiants. Field reddenings are fairly reliable provided that the surrounding stars are unaffected by circumstellar reddening, although the number of suitable objects has tended to be restricted to cluster Cepheids and visual binaries (see Turner 1995 Turner , 2001 Laney & Caldwell 2007) . Reddening-independent indices include the Γ index (Kraft 1960; Spencer Jones 1989) , which measures the depression in stellar spectra caused by the G band of CH (λ4305), and the KHG index (McNamara & Potter 1969; McNamara et al. 1970; Feltz 1972; Turner et al. 1987) , which combines narrow band photometry of Ca II K (λ3933), Balmer Hδ (λ4101), and the G band. Narrow band photometry of Balmer Hβ (λ4861) has also been used as a temperature indicator for FGK stars, but has been susceptible to problems arising from colour dependences introduced by mismatches in the effective wavelengths of the narrow and wide Hβ filters employed (Schmidt & Taylor 1979) .
Most Cepheid reddenings have been derived from period-colour relations that are tied to specific Cepheid or supergiant calibrators, in which specific continuum or spectral line features (line ratios, for example) are linked to stellar atmosphere models to infer effective temperatures for the stars (e.g., Fernie 1987; Sasselov & Lester 1990) . The direct link between effective temperature and broad band (B-V)0 colour has been demonstrated very effectively by Gray (1992) for older, published, stellar atmosphere models, and has been used successfully to test the open cluster calibration of the PL relation (Turner & Burke 2002) . As argued by Fry & Carney (1999) , B-V colours for Cepheids appear to be more closely indicative of stellar temperatures than indices that include a near-infrared magnitude. But recent changes to stellar atmosphere models (Kurucz 1992) may affect the effective temperature scale for FGK supergiants significantly enough that a recalibration is necessary. That is the purpose of the present study.
Cepheids also undergo significant changes in effective temperature during their pulsation cycles, which makes it essential to track such changes accurately through close monitoring of individual variables. Photometric monitoring of Cepheids has resulted in a large database of published results for many different colour systems (Berdnikov 2007) , but the availability of high resolution spectra for such stars throughout their cycles has been extremely limited, until now. A goal of the present study is therefore to exploit a recently developed collection of high resolution spectra for Galactic Cepheids in order to present accurate intrinsic parameters for all of the studied objects.
OBSERVATIONS
The spectra of the FGK supergiants studied here were obtained using the 1.93 m telescope of the Haute-Provence Observatoire (France) equipped with the echelle spectrograph ELODIE (Baranne et al. 1996) and retrieved from its online archive of spectra (Moultaka et al. 2004 ). The resolving power for the observations was R = 42 000 over the wavelength interval 4400-6800Å, with a signal-to-noise ratio for each spectrum of S/N 100 (at 5500Å). Initial processing of the spectra (image extraction, cosmic ray removal, flatfielding, etc.) was carried out as described by .
We also made use of spectra obtained with the Ultraviolet-Visual Echelle Spectrograph (UVES) instrument at the Very Large Telescope (VLT) Unit 2 Kueyen (Bagnulo et al. 2003) . All supergiants were observed in two instrumental modes, Dichroic1 (DIC1) and Dichroic2 (DIC2), in order to provide almost complete coverage of the wavelength interval 3000 − 10 000Å. The spectral resolution is about 80 000, and for most of the spectra the typical S/N ratio is 300-500 in the V band.
For classical Cepheids in our sample we have used our previously published results ( carried out using the Struve 2.1-m reflector and Sandiford echelle spectrograph at McDonald Observatory. The nominal resolving power was 60 000 with a total spectral range covering about 1000 − 1200Å. The primary wavelength region was centered at 6200Å. Exposure times were selected to ensure an optimal S/N ratio of about 100.
Additional processing of the spectra (continuum level location, measuring of line depths and equivalent widths) was carried out using the DECH20 software (Galazutdinov 1992) . Line depths R λ were measured by means of Gaussian fitting.
ATMOSPHERIC PARAMETERS FOR FGK SUPERGIANTS AND CLASSICAL CEPHEIDS
Effective temperatures for our program stars were established from the processed spectra using the method developed by Kovtyukh (2007) that is based upon T eff -line depth relations. The technique can establish T eff with exceptional precision. It relies upon the ratio of the central depths of two lines that have very different functional dependences on T eff , and uses tens of pairs of lines for each spectrum. The method is independent of interstellar reddening, and only marginally dependent on the individual characteristics of stars, such as rotation, microturbulence, metallicity, etc. Briefly, a set of 131 line ratio-T eff relations was employed, with the mean random error in a single calibration being 60-90 K (40-45 K in most cases and 90-95 K in the least accurate cases). The use of ∼70-100 calibrations per spectrum reduces the uncertainty in T eff to 10-20 K for spectra with S/N ratios greater than 100, and 30-50 K for spectra with S/N ratios less than 100. Although the internal error for each T eff determination appears to be small, a systematic shift of the zero-point in the T eff scale may exist. Nevertheless, an uncertainty in zero-point (if it exists) can affect the absolute abundances derived for each program star. It is relatively unimportant for abundance comparisons between stars in the sample. For the majority of supergiants and Cepheids we obtain error estimates for T eff that are smaller than 10-40 K.
The microturbulent velocities, Vt, and surface gravities, log g, were derived using a modification of the standard analysis proposed by Kovtyukh & Andrievsky (1999) . As described there, the microturbulence is determined from the Fe II lines rather than the Fe I lines, as in classical abundance analyses. The surface gravity is established by forcing equality between the total iron abundance obtained from both Fe I and Fe II lines. Typically with this method the iron abundance determined from Fe I lines shows a strong dependence on equivalent width (NLTE effects), so we take as the proper iron abundance the extrapolated total iron abundance at zero equivalent width.
Kurucz's WIDTH9 code was used with an atmospheric model for each star interpolated from a grid of models calculated with a microturbulent velocity of 4 km s −1 . At some phases Cepheids can have microturbulent velocities deviating significantly from that value; however, our previous test calculations suggest that changes in the model microturbulence over a range of several km s −1 has an insignificant impact on the resulting element abundances. Typical results Final results for our determinations of T eff , log g, Vt (in km s −1 ), and [Fe/H] for FGK supergiants in our sample are given in Table 1 . Typical uncertainties in the cited values are ±(10 − 40) K in T eff , ±0.1 in log g, and ±0.5 km s −1 in Vt.
COLOUR EXCESSES
Values of T eff , log g, Vt, and [Fe/H] obtained in the described manner can be used to determine intrinsic colours for the target Cepheids and FGK supergiants in our sample. As noted earlier, the effective temperature T eff of a FGK supergiant can be linked to intrinsic (B-V)0 colour using relationships such as that of Gray (1992) . For this study, however, a recalibration was made using unreddened (B-V)0 colours from Bersier (1996) for supergiants and from Fernie et al. (1995) , Tammann et al. (2003) and Laney & Caldwell (2007) for Cepheids. Any disadvantages arising from combining different sources of reddening for the Cepheids appear to be negligible, as discussed in the following section. For Cepheids in the sample, an instantaneous "observed" B-V colour index was obtained from the extensive database of Berdnikov (2007) , which contains multicolour photoelectric observations for all of our 164 program Cepheids. Published ephemerides were used to phase the data, and the light curves were subjected to Fourier analysis, with coefficients determined up to the third to tenth order, in order to match them (see Figs. 2 and 3) .
Published ephemerides were also used to derive pulsa- tion phases for the times of the individual spectroscopic observations. In such fashion a pair of reddened and unreddened B-V values was generated for each epoch of spectroscopic observation for a Cepheid. Since the colour excess should not vary during a pulsation cycle, multivariate least squares can be used to link the observed intrinsic parameters for Cepheids and supergiants to intrinsic (B-V)0 colour. Problems can arise when comparing photometric and spectroscopic data from different epochs, particularly for long period Cepheids which undergo very rapid changes in pulsation period relative to Cepheids of short period (see Turner et al. 2006a) . To minimize such problems, modern elements (quadratic, for example) from Berdnikov (2007) were used to tie phases of spectroscopic observation to those for nearby (close) epochs of photometric observation. But it was not always possible to minimize the differences between epochs of photometric and spectroscopic observation for all Cepheids, with southern hemisphere objects remaining as a potential source of error.
In summary, the method takes known atmospheric parameters (T eff , log g, Vt, [Fe/H]) for the supergiants and Cepheids, and adopts a colour excess E(B-V) from Bersier (1996) Table 1 , the latter are summarized in Table  2 . The precision in the final estimates of (B-V)0 is estimated to be 0.04-0.05 mag (1 sigma, external precision) for spectra of R = 42 000, S/N = 100-150. The internal precision is 0.0025 mag. The results could be improved further with the addition of higher resolution and larger S/N ratio spectra. We note that the error budget does not include possible uncertainties that arise from the individual properties of stars, such as rotation, chemical composition, binarity, etc. Tables 1 and 2 list the results for FGK supergiants and classical Cepheids, respectively. For Cepheids the variable star designation and pulsation period P are listed in columns (1) and (2) respectively, the mean colour excess determined here is listed in column (3), the standard error of the mean is listed in column (4), and the number of determinations used to calculate the mean is listed in column (5). Table 2 , in columns (5), (6), and (7) respectively. A comparison of the reddenings of Fernie et al. (1995) with the present results is shown in Fig. 4 , and comparisons with the reddenings of Tammann et al. (2003) and Laney & Caldwell (2007) are shown in Figs. 5 and 6.
RESULTS
A statistical comparison of the present Cepheid reddenings was made with an overlapping set of space reddenings for 27 stars in common. The space reddenings are those summarized by Laney & Caldwell (2007) , but with additional data used in a previous analysis of Cepheid reddenings (Turner 2001 ) that includes new estimates for previouslyunstudied objects (Turner et al. 2008) . Four of the objects in the sample display large differences in reddening between the two data sets, in excess of ∆E(B-V) = 0.1, namely V Cen, S Nor, VY Sgr, and WZ Sgr. All are southern hemisphere Cepheids, noted to be a problem in the previous section, and the first three have only single spectroscopic observations available. Multiple observations (n = 12) exist for WZ Sgr, but its space reddening has been noted previously to be a problem (Laney & Caldwell 2007) . For the 23 remaining Cepheids the difference in colour excesses ∆E(B-V)(space reddening -spectroscopic reddening) is +0.005 ± 0.039 s.d., and +0.000 ± 0.035 s.d. for the 16 Cepheids with multiple spectroscopic observations. It appears that the present compilation of spectroscopic reddenings for Cepheids is tied closely to the system of available space reddenings. In addition, since the average uncertainty for the space reddenings of individual Cepheids in the sample is ±0.024, the precision of the spectroscopic reddenings based upon multiple spectra must be ±0.025, while the accuracy matches that of the space reddening system.
The reddening system of the present study also appears to be closely matched to older reddening systems for Cepheids, as indicated by the trends of Figs. 4-6. The scatter in the plots of Figs. 4 and 5 is suggestive of actual differences that may exist, which may have several explanations. Period-colour relations, for example, do not always account for the intrinsic dispersion of Cepheids within the instability strip. Small amplitude Cepheids tend to lie on the hot edge of the strip, for example (Pel & Lub 1978; Turner et al. 2006a ), so their reddenings can be underestimated by period-colour relations. Large amplitude Cepheids lie near the centre of the strip (e.g., Turner et al. 2006a ), but may not always be representative of the calibrators used. Although similar scatter is seen in the Fig. 6 , where the present results are compared with the space reddening system of Laney & Caldwell (2007) , the discrepant points in most cases represent Cepheids for which only single spectra are available. Here the problem is not of differences in reddening systems, but problems in the measurements for individual Cepheids. All Cepheids undergo period changes (Turner et al. 2006a) , some undergo random fluctuations in period (Berdnikov et al. 2004 , and others display light travel time effects from binarity and other curious changes to the times of light maximum (Turner et al. 2007 ) that affect the accurate determination of light curve phasing, all of which are important factors for reddenings derived from spectroscopic and photometric observations. As noted previously, the problem is particularly acute for the present study when only one spectrum has been obtained (see Turner et al. 2006b ), which is the case for many of the Cepheids in the present sample. A number of objects in Table 2 are also suspected to be Type II Cepheids, but their [Fe/H] values are nearly solar according to the spectroscopic analyses. Another comparison that can be made is with respect to colours derived from model atmospheres. Such a comparison is shown in Fig. 7 , where the models (solid dots) are Kurucz (1992) models with the colours given by Castelli (1999) . The models are for log g = 2.0, Vt = 2.0 km s −1 , and [Fe/H] = 0.0. The same parameters were used to generate intrinsic colours from the calibration determined here. As can be seen, the comparison is rather good. Over the larger part of the range the spectroscopic temperatures used here are 50-100 K lower than the temperatures that would be determined using the photometric calibration. Another way of stating this is that, at a fixed temperature, the theoretical photometric calibration would yield a B-V colour excess about 0.05 mag. smaller than found here. The difference between spectroscopic and photometric temperatures found here for high luminosity stars is in the same sense and magnitude as that found for spectroscopic versus photometric temperatures of dwarfs and giants (Luck & Heiter 2006 .
It should be emphasized that high-resolution spectroscopic studies of Cepheids provide an independent source of reddenings that can be used to refine the existing reddening scale for Galactic Cepheids and to enhance the precision of the Cepheid P-L relation. The colour excesses derived for Cepheids in our sample for which many spectra are available are quite likely more accurate than many previous estimates, and provide a good test of published reddening scales. Additional spectroscopic observations of Cepheids in our sample can only strengthen the present results, since they would eliminate the undersampling problem inherent to program obejects with n = 1. Correcting that deficiency should improve the precision of the overall sample.
SUMMARY
The present study presents newly-derived parameters, namely effective temperature (T eff ), surface gravity (log g), microturbulent velocity (Vt, in km s −1 ), and iron abundance ([Fe/H]), for 74 non-variable FGK supergiants, established from model atmosphere analyses of high resolution spectra for the stars. Colour excesses have been computed for the stars on the basis of a new formulation of the relationship linking such parameters to intrinsic colour, (B-V)0. The formulation has been extended to the 74 FGK supergiants and to a sample of 164 classical Cepheid variables to derive new estimates for their colour excesses E(B-V), presented in Tables 1 and 2. The reddening estimates are demonstrated to be of extremely high internal precision, and to agree well with the most accurate estimates from the literature. The Cepheid reddenings, in particular, appear to be closely tied to the system of space reddenings that is presently available. Given the large distances of supergiants, the method opens the possibility for large-scale extinction mapping of the Galaxy, with a sensitivity of 0.08-0.2 magnitude.
